Aerosol precursor emissions from jet engines are related to the emission of sulfur(VI) in the form of SO3. Conversion of SO2 to SO3 occurs via the reactions OH + SO2 HOSO2 followed by HOSO2 + O2 → SO3 + HO2. The efficiency is critically dependent on the concentration of OH, which was measured using laser-induced fluorescence at the exit of a rig designed to simulate the thermodynamic processes involved in the expansion of gases through the turbine and nozzle stages of a jet engine. OH concentrations on the order of 1 × 10 10 molecules cm -3 were obtained.
INTRODUCTION
Emitted particles from aircraft in the upper troposphere and lower stratosphere are suspected of altering natural cirrus clouds (Stro .. m and Ohlsson, 1998) and initiating the formation of additional cirrus clouds (Boucher, 1999; Minnis et al., 1998) and therefore altering the radiation balance of the atmosphere and the Earth's surface. The European PartEmis project (measurement and prediction of emissions of aerosols and gaseous precursors from gas turbine engines) was performed with the aim of gaining a detailed understanding of the composition and transformation of combustion gases and particles as they pass from the combustor to the engine exit and out into the external plume. The test-rig facility, located at QinetiQ (Farnborough, UK), comprised a combustor that is compatible with the International Civil Aviation Organisation emissions standards. Attached to the combustor was an expansion system referred to as the hot-end simulator (HES), composed of three separate heat exchanger stages designed to simulate the thermodynamic processes involved in the expansion of gases in the turbine and nozzle, with access for a variety of instrumentation to measure aerosol, gas, and chemi-ion properties (Wilson et al., 2004a) . Two engine operating conditions were simulated to represent the thermodynamic conditions found in the turbine stages of legacy (so-called ordinary) and modern cruise conditions at 35,000 feet, discussed by Wilson et al. (2004a) and summarized in Table 1 .
The base fuel was a low-sulfur kerosene, the fuel sulfur content (FSC) was varied by doping with benzethiol. FSC levels referred to as low, medium, and high represent low-sulfur fuel (50 µg⋅g -1 ), the contemporary average (410 µg⋅g -1 ), and a high level about three times this average (1270 µg⋅g -1
). An important component of aerosol emissions is the production of sulfuric acid via the oxidation of trace sulfur components in the fuel to produce SO 3 . The dominant mechanistic route to SO 3 is the conversion of SO 2 to SO 3 via the following sequence of reactions (Blitz, Hughes, and Pilling, 2003 
This process is dependent on the concentration of OH, and therefore provision was made to allow optical access in the exhaust duct of the HES to observe OH by laser-induced fluorescence (LIF) to obtain an absolute OH concentration measurement in order to aid in the modeling of SO 3 production from the combustor to the engine exit.
EXPERIMENTAL
The apparatus consisted of a Spectron Laser Systems model SL803G Nd/YAG pumped dye laser, set up to generate pulsed laser light at 10 Hz at a wavelength of 281.913 nm in order to excite the Q 1 (1) transition of OH A 2 Σ(ν′ = 1) ← X 2 Π(ν′′ = 0), chosen because it is one of the strongest transitions at the temperature of ~600 K expected at the observation point. A schematic diagram showing the experimental arrangement is given in Figure 1 and subsequently described. The laser beam was directed to pass vertically from above through the center of the exhaust duct, ~20 cm after the end of the HES itself. By the use of a 1 m focal length fused silica lens, the laser beam could be focused down to an area <1 mm 2 as it passed through the HES exhaust duct. Alternatively, with the focusing lens replaced with an adjustable iris, the unfocused laser beam ~7 mm in diameter was directed through the HES exhaust duct. Fluorescence from the ν′ = 0 → ν′′ = 0 transition of OH around 309 nm was collected perpendicular to the path of the laser from the center of the exhaust duct via a 5 cm diameter fused silica lens of focal length 10 cm placed ~32 cm away from the laser beam. Collected light then passed through an interference filter. Because it was expected that the OH LIF intensity would be extremely weak, a customized interference filter was constructed (Barr Associates Ltd.) centered at 308.75 nm with a bandpass of 4.96 nm and ≥50% transmittance in the bandpass region. This design of filter, although cutting out fluorescence from the ν′ = 1 to ν′′ = 1 transition of OH, would maximize the signal-to-noise ratio by discriminating against Raman scatter expected from nitrogen and water around 302 and 315 nm, respectively, as well as removing scattered laser light. The detection system consisted of a CCD camera (EG&G Princeton Applied Research model 1455) with a model 1471A detector interface and model 1304 pulse amplifier. This was operated in a gated mode to the laser pulse, with a gate width of 2 µs in order to collect all of the fluorescence signal and also wide enough to accommodate a drift in the laser timing during the course of the experiments. Additionally, the CCD camera was cooled to -30 o C to reduce background noise. The combination of gated operation and cooling allowed signal accumulation for extended times in order to maximize the sensitivity. 
METHODOLOGY
Each day before the start of experiments, calibration of the dye laser wavelength was required. This was performed by placing a blowtorch in the path of the laser beam in order to provide a high concentration of OH radicals; the dye laser wavelength was then scanned and the OH LIF signal as a function of wavelength was recorded and compared with the known spectrum, and then the wavelength was adjusted to sit on the peak of the desired OH transition. During the experiments, data was collected over intervals ranging from the order of a few seconds up to 5 min. Interspersed between these data collection runs, background scattered light levels were measured by adjusting the dye laser wavelength upward, typically by 0.04 nm, so that the laser wavelength was no longer resonant with the OH transition; hence the actual OH LIF signal could be determined by subtraction of this background signal. It was found that during the course of each experiment there was a pronounced drift in the wavelength of the dye laser, caused by warming of the dye laser due to its proximity to the combustor; this was the cause of the upper limit of ~5 min for data accumulation before the drift in laser wavelength took the dye laser off the maximum of the OH LIF signal. Rescanning the dye laser to find the maximum of the OH LIF signal was a time-consuming process given the low OH concentration present, and severely limited the number of data points that could be collected. Measurement of the LIF signal as a function of laser power was performed by varying the voltage applied to the Nd:YAG laser amplifier in order to vary the dye laser output power. This was calibrated by measuring the dye laser energy at the HES exhaust duct with a laser power meter (Scientech model AC25UV) as a function of the Nd:YAG amplifier voltage. Calibration of the OH LIF signal in order to provide estimates of the absolute OH concentration was performed in separate laboratory experiments. A McKenna flat flame burner was set up with a methane/air flame of known composition, flow rate, and measured temperature profile. Such a flame can be simulated by the PREMIX (Kee et al., 1985) module of CHEMKIN (Kee, Rupley, and Miller, 1991) , which provides a calculated OH concentration profile above the surface of the burner. By setting up the OH LIF detection system identically to that employed in the HES experiments, an OH LIF signal in the flame can be observed and compared to the HES results. Taking into account the different CCD camera gain, collection times, temperature effects on the Boltzmann population distribution among the OH rotational energy levels, and excited OH quenching rates, an estimation of the absolute OH concentration in the HES experiments can be made.
RESULTS
Initially during the test campaign, the laser was focused as it passed through the HES exhaust duct. An example of the observed behavior is given in Figure 2 ; the solid line is a nonlinear least-squares fit to the data using a function of the form y = ax 2 . For the final two days of experiments in which the fuel with medium and high sulfur levels was studied, the laser was unfocussed as it passed through the HES exhaust duct. nal, which would ultimately cause the LIF signal to become independent of laser energy, is not observed over this range of laser energy. From experiments performed in the exhaust duct of the HES in which the laser beam was focused to a small area, analysis of the results showed that the observed OH LIF signal could be fitted to a square power dependence function as shown in Figure 2 . This implies that in these experiments, the observed OH LIF signal is a product of photolysis of an unknown precursor to OH in the exhaust gas with its subsequent detection by LIF during the same laser pulse. This is a two-photon process, requiring one photon to photolyze the precursor and a second photon to excite the OH and thus produce the LIF signal, and therefore would have a square dependence on laser energy as observed.
Given that LIF detection of OH produced photolytically during the laser pulse would have a square dependence on laser energy, compared to a linear energy dependence for any OH that was already present in the exhaust gas. By reducing the laser energy, ultimately a regime will be reached in which the LIF signal from the photolytic source of OH would become less important than that from OH already present in the exhaust gas. To achieve this required the attenuation of the laser beam, and this was accomplished by removing the lens employed to focus the laser beam into the HES exhaust duct, and replacing it with an iris to control the diameter of the beam passing through the exhaust duct. Although this has little effect on the total energy of the laser passing through the HES exhaust duct, it leads to a large drop of 100 in the energy density of the laser. Figures 3-5 show the results obtained with this setup of the experiment, in which it can be seen that now the energy dependence of the LIF signal is a combination of square and linear power dependence terms. As a consequence of the low signal levels observed, it was not possible to reduce the laser energy density any further in order to enhance the importance of the linear component. This could not be compensated for by increasing the data collection time due to the drift in dye laser wavelength, which shifts the laser wavelength off resonance with the OH transition.
OH Calibration
In essence, the method of calibration is to compare the OH LIF signal in the HES exhaust duct to that obtained from a known concentration of OH, thus allowing an absolute value to be assigned to the HES measurement. This is done by setting up an identical detection system in the laboratory to that employed in the HES exhaust duct measurements; this removes the need to account for differences in the detection apparatus itself. Then the OH LIF signal for a known OH concentration is measured, and by comparison with the OH LIF signal obtained from the HES exhaust duct measurements, the OH concentration in the HES exhaust duct is deduced. The difficulties in this process concern the "known" OH concentration, in this case from a laminar methane/air flame. It exists at very different conditions of temperature and gas composition, whose effects have to be accounted for in the interpretation of its LIF signal, and is also many orders of magnitude higher, thus requiring different detection ranges on the data collection electronics that also need to be quantified. Additionally, the propagation of the errors involved with the various measurements and assumptions have to be addressed, as well as any systematic errors. The details of these procedures are described below.
A McKenna flat flame burner consisting of a water-cooled 6-cm-diameter sintered plug was used to generate a lean methane/air laminar flame of known inlet gas composition. The temperature profile above the burner surface was measured with a silica-coated Pt/Pt-13%Rh thermocouple corrected for radiation losses, and the laminar flame above the burner was then simulated using PRE-MIX (Kee et al., 1985) in order to calculate the OH concentration profile above the burner surface. A laser beam of the same energy and diameter as that used in the HES experiments was used to generate an OH LIF signal, which was then measured. Calibration experiments were then performed to assess the effect of the different detection ranges of the electronics, consisting of adjustments to the CCD camera gain and exposure time.
The theoretical model relating the OH LIF signal to an absolute OH concentration in the regime of linear laser excitation has been previously described (Cessou, Meier, and Stepowski, 2000) . It is a difficult problem to solve directly, as a consequence of a requirement to know the probed volume that is observed, the fraction of the total fluorescence that enters the detection optics, the overall efficiency of the detection system, and details of the laser line width in relation to the OH transition. However, when comparing two OH LIF signals with an identical detection system, the problem is simplified because these quantities are identical in each case and can therefore be neglected. The equation relating the LIF signal to the OH concentration can therefore be written simply as
where N is the ground state population in the probed energy level, equal to the total OH concentration multiplied by the fraction that is in the probed rotational level at the experimental temperature. This fraction (bf) is derived from a Boltzmann distribution over all of the different rotational levels in the ground electronic and vibrational state of OH, and can readily be calculated (Luque and Crosley, 1999) . Q is the total quenching rate, given by Q = Σ i σ i N i sV i t where σ i , N i , and sV i t represent the quenching cross section, concentration, and average velocity of species i. In practice, it is only necessary to include the major species O 2 , N 2 , H 2 O, and CO 2 , the concentrations of which were obtained in separate measurements at the HES exit, and for which quenching cross sections have been experimentally measured (Tamura et al., 1998) . Therefore, Eq. (3) can be expressed as
where σ represents the average quenching cross section for the gas composition,
[M] is the total gas concentration, and sVt is the average gas velocity.
[M] is proportional to (pressure/temperature), and from the kinetic theory of gases it can be shown that sVt is proportional to ÿ(temperature/molecular weight). Therefore, denoting pressure by P and average molecular weight by m, Eq. (4) Each quantity in Eq. (6) has an associated error discussed below that was propagated according to the method described by Cvetanovic, Singleton, and Paraskevopoulos (1979) in order to provide an estimate of the total error for the derived quantity, [OH] HES .
• LIF HES : Includes the error calculated from the variation of the measured data as shown by the error bars in Figures 3-5 , and also that introduced by correcting for the camera gain correction factor (47.18 ± 1.82). The camera time exposure correction factor of 400 is assumed to be exact.
• [OH] flame : (5.6 ± 2.24) × 10 15 . The average OH concentration from the calculated OH profile between 1-8 mm above the burner surface, an arbitrary error estimate of 40% chosen as a reasonable estimate of the possible variation in this value based on simulations with differing temperature profiles.
• bf flame and bf HES : Known precisely as a function of temperature, arbitrary errors of 10% included to reflect uncertainty in the temperature; bf flame = 1.587 × 10 -2 (T = 1700 K), bf HES = 4.359 × 10 -2 (T = 646 K) and 4.929 × 10 -2 (T = 575 K).
• Molecular weight of flame (27.5) and HES gas composition (28.46): Obtained from measured data in the HES and from simulation of the flame, assuming that errors are negligible.
• Temperature of flame: From measurement calculated to be 1700 K, an error of ±200 K assigned to reflect the uncertainty introduced by the requirement to correct the thermocouple measurement for radiation losses.
• Temperature of HES exhaust gas: 575 and 646 K for ordinary and modern cruise conditions, arbitrary errors of ±30 K assigned.
• σ HES : 5.43 and 5.11 for ordinary and modern cruise conditions (Tamura et al., 1998) . From published data (Tamura et al., 1998; Bailey et al., 1997 Bailey et al., , 1999 Paul, 1994) that estimated an error of ±30% at the HES conditions.
• σ flame : 6.02 at flame conditions (Tamura et al., 1998) . From published data (Tamura et al., 1998; Bailey et al., 1997 Bailey et al., , 1999 Paul, 1994 ) that estimated an error of ±10% at the flame conditions.
• Pressure: Assumed to have negligible error.
The main identified source of systematic error in the derivation of [OH] HES is due to the fact that the theoretical model relating the LIF signal to an absolute concentration strictly applies only to the experimental system in which OH is excited to its ground vibrational level in the electronically excited state; whereas in order to maximize the signal-to-noise ratio, the experimental setup actually employed was to excite OH into the first excited vibrational level in the electronically excited state and observe the off-resonant fluorescence from excited OH. This introduces an additional complication of the interaction between quenching from this first vibrational excited state, and vibrational energy transfer back down to the ground vibrational level on the OH LIF signal. Figure 7 provides a schematic diagram showing the laser excitation and the various quenching, vibrational energy transfer, and fluorescence processes. To investigate this system, the model was set up and investigated by numerical integration with the FACSIMILE code (Curtis, 1980) . Rate coefficients for collisional quenching of the ν′ = 0 level of excited OH by N 2 , O 2 , CO 2 , and H 2 O were taken from Tamura et al. (1998) . Vibrational energy transfer rate coefficients for the relaxation of ν′ = 1 to ν′ = 0 were taken from Hartlieb et al. (1997) , who also provided an estimation of the rate coefficients for collisional quenching of the ν′ = 1 level to be 80% of the values for the ν′ = 0 level, and the Einstein emission rates for fluorescence were obtained from Copeland, Jeffries, and Crosley (1987) . Given the narrow bandwidth interference filter used in the experiments, only fluorescence from ν′ = 0 was observed; therefore, the model was used to investigate the effect on fluorescence from this level caused by the differing conditions in the flame and the HES, assuming an initial population of OH either in ν′ = 0 for which the theoretical model should apply, or an initial population of OH in ν′ = 1 as in the experimental measurements. From Eq. (3), the observed fluorescence signal is predicted to be inversely proportional to the total quenching rate; simulations with an initial population in ν′ = 0 in which either the quenching rate coefficients were adjusted, or the HES and flame conditions compared, were in agreement with this prediction. However, this was not the case when the initial population of OH was in ν′ = 1. When comparing the fluorescence predicted from the simulation of the flame conditions to that from the simulation of the HES conditions, it was found that the fluorescence from the HES conditions was ~40% greater than would be expected from the 1/Q dependence predicted by Eq. (3). Therefore, based on the simple analysis of Eq. (6) Therefore, application of Eq. (6) along with the systematic error correction discussed above allowed the OH LIF signal from the HES exhaust experiments to be assigned to absolute OH ppbv values and concentrations as shown in Table 2 . The only previously published data (Bo .. ckle et al., 1999 ) using a combined
Raman scattering/LIF technique to probe the exhaust gases 50 cm behind a jet engine exit failed to detect any OH LIF signal, and therefore could only infer a
Fluorescence, ~314nm
Fluorescence, ~309nm
Quenching Quenching Vibrational Energy Transfer FIGURE 7 Schematic diagram of OH energy levels and processes occurring. much higher value of 80 ppbv as an upper limit for OH based on the measured detection limit of their apparatus. Errors quoted in Table 2 were derived from the statistical variation in the measured OH LIF signals and background levels, combined with measured or estimated errors in the various parameters used to derive the absolute values via Eq. (6) as discussed previously. The errors in the OH concentrations corrected for the photolytic source contribution also included the propagated errors as a consequence of the uncertainty in the nonlinear least-squares fitting to the data in Figures 3-5.
SO 3 Production Implications
A chemical mechanism to describe the gas phase chemistry of SO x species has been produced, based on the mechanisms compiled by Glarborg et al. (1996) and Alzueta, Bilbao, and Glarborg (2001) . From laser flash photolysis/LIF experiments, updated rate coefficient expressions for reaction 1 and the heat of formation of HOSO 2 were made (Blitz et al., 2003) . From reactions 1 and 2, and applying the steady-state approximation to HOSO 2 , the rate of SO 3 production can be expressed as
, and is shown as a function of temperature in Figure 8 , which shows that k eff has a strong negative temperature dependence, especially at high temperatures, and therefore SO3 production is favored at low temperatures.
Modeling studies on the chemistry occurring from the combustor to the HES exit have been performed at QinetiQ by Wilson et al. (2004b) . They indicate that the OH concentration drops off rapidly by approximately six orders of magnitude between the combustor exit and the HES exit, to levels that are consistent with the measured values reported here. Two points relevant to SO 3 production can be drawn from this. First, on a timescale of seconds, contrary to what would be expected from Figure 8 alone, the majority of SO 2 to SO 3 conversion occurs in the high-temperature regions of the HES and the combustor itself due to the ex- ; when combined with the measured OH concentrations on the order of 1.5 × 10 10 molecules cm -3 given in Table 2 , this gives a pseudo first-order rate constant for conversion of SO 2 to SO 3 of 4.5 × 10 -3 s -1 , and therefore a half-life for this reaction at these conditions on the order of 150 s. The second point concerning SO 2 to SO 3 conversion is that on a timescale of days there will be further conversion due to the ambient atmospheric OH concentration. If we assume a value of this to be on the order of 10 6 molecules cm , then the calculated half-life for this slow conversion to SO 3 is approximately eight days.
CONCLUSIONS
At high laser energies, observed OH fluorescence was dominated by a photolytic source of OH. At low laser energies, OH in the exhaust duct was successfully detected, although there was still a component present from photolysis. Calibration experiments provide a method to assign the observed OH LIF signals an absolute concentration, and from an estimate or measurement of the errors for each parameter, an overall estimate of the error in the assigned OH concentration was made. From these calibration experiments, very low values of ≤1 ppbv were calculated for the OH concentration in the exhaust gas after exiting the HES, consistent with modeling studies of the chemistry occurring within the combustor and HES (Wilson et al., 2004b) . In contrast, previous experiments (Bo .. ckle et al.,
1999) using a combined Raman scattering/LIF technique to probe the exhaust gases 50 cm behind a jet engine exit failed to detect any OH LIF signal, and therefore could only infer a much higher value of 80 ppbv as an upper limit for OH based on the measured detection limit of their apparatus.
